Physiological and genetic studies with the ramosus (rms) mutants in garden pea (Pisum sativum) and more axillary shoots (max) mutants in Arabidopsis (Arabidopsis thaliana) have shown that shoot branching is regulated by a network of long-distance signals. Orthologous genes RMS1 and MAX4 control the synthesis of a novel graft-transmissible branching signal that may be a carotenoid derivative and acts as a branching inhibitor. In this study, we demonstrate further conservation of the branching control system by showing that MAX2 and MAX3 are orthologous to RMS4 and RMS5, respectively. This is consistent with the longstanding hypothesis that branching in pea is regulated by a novel long-distance signal produced by RMS1 and RMS5 and that RMS4 is implicated in the response to this signal. We examine RMS5 expression and show that it is more highly expressed relative to RMS1, but under similar transcriptional regulation as RMS1. Further expression studies support the hypothesis that RMS4 functions in shoot and rootstock and participates in the feedback regulation of RMS1 and RMS5 expression. This feedback involves a second novel long-distance signal that is lacking in rms2 mutants. RMS1 and RMS5 are also independently regulated by indole-3-acetic acid. RMS1, rather than RMS5, appears to be a key regulator of the branching inhibitor. This study presents new interactions between RMS genes and provides further evidence toward the ongoing elucidation of a model of axillary bud outgrowth in pea.
Physiological and genetic studies with the ramosus (rms) mutants in garden pea (Pisum sativum) and more axillary shoots (max) mutants in Arabidopsis (Arabidopsis thaliana) have shown that shoot branching is regulated by a network of long-distance signals. Orthologous genes RMS1 and MAX4 control the synthesis of a novel graft-transmissible branching signal that may be a carotenoid derivative and acts as a branching inhibitor. In this study, we demonstrate further conservation of the branching control system by showing that MAX2 and MAX3 are orthologous to RMS4 and RMS5, respectively. This is consistent with the longstanding hypothesis that branching in pea is regulated by a novel long-distance signal produced by RMS1 and RMS5 and that RMS4 is implicated in the response to this signal. We examine RMS5 expression and show that it is more highly expressed relative to RMS1, but under similar transcriptional regulation as RMS1. Further expression studies support the hypothesis that RMS4 functions in shoot and rootstock and participates in the feedback regulation of RMS1 and RMS5 expression. This feedback involves a second novel long-distance signal that is lacking in rms2 mutants. RMS1 and RMS5 are also independently regulated by indole-3-acetic acid. RMS1, rather than RMS5, appears to be a key regulator of the branching inhibitor. This study presents new interactions between RMS genes and provides further evidence toward the ongoing elucidation of a model of axillary bud outgrowth in pea.
Lateral branching structures exist in many forms throughout the plant kingdom, with the outgrowth of these branches being a dynamic process responsive to a number of genetic and environmental cues (for review, see McSteen and Leyser, 2005) . Among the highly branched mutants that exist in dicotyledonous plants, there are five in pea (Pisum sativum; ramosus [rms]), four in Arabidopsis (Arabidopsis thaliana; more axillary shoots [max]), and three in petunia (Petunia hybrida; decreased apical dominance [dad]) of particular interest. In rice (Oryza sativa), increased tillering dwarf mutants have been isolated (e.g. high tillering dwarf [htd]; Ishikawa et al., 2005; Zou et al., 2005) . In contrast with the pleiotropic bushy mutant of pea (Symmons et al., 2002) none of the rms, max, dad, and htd branching mutants have decreased auxin concentration (Beveridge et al., 1994; Napoli et al., 1999; Ishikawa et al., 2005) , nor do they have the profound effects associated with auxin deficiency, such as those of the axr collection of mutants (Lincoln et al., 1990) . Other branching mutants, like bushy (bus1-1) in Arabidopsis and teosinte branched 1 (tb1) in maize (Zea mays) and rice, have pleiotropic effects relating to vasculature and inflorescence development, respectively (Reintanz et al., 2001; Takeda et al., 2003) . The relative specificity of the rms phenotype has led to the conclusion that these genes have a specialized role in the control of axillary bud outgrowth.
In most species, branching in a wild-type plant is actively suppressed by the shoot tip, with early and continuing work defining apically derived auxin as a key regulator (Leyser, 2005; Bennett et al., 2006) . Buds that are receptive to auxin undergo outgrowth during conditions of reduced auxin supply from the shoot tip. Other long-distance signals are involved in determining whether the buds are receptive to a depleted auxin supply (Morris et al., 2005) . Extensive physiological characterization of branching mutants is defining the network of signals that relay information between the apex, root, stem, and bud, including a novel and as yet unidentified plant growth signal that we have temporarily named shoot multiplication signal (SMS; Beveridge, 2006) . In this article, we will use the term SMS to refer to the molecular signal, deficient in particular mutants, that acts as a secondary messenger for auxin to inhibit the outgrowth of buds into branches.
In pea, mutations rms1 through rms5 increase basal and aerial branching (Blixt, 1976; Arumingtyas et al., 1992; Rameau et al., 1997) . Grafting a wild-type rootstock to an rms1, rms2, or rms5 mutant shoot can almost completely restore the mutant branching phenotype to wild type (Beveridge et al., 1994 (Beveridge et al., , 1996 Morris et al., 2001) . Further grafting has shown that RMS1 and RMS5 are required to act together either in the shoot or rootstock for production of the same graft-transmissible signal, SMS (Morris et al., 2001) . Evidence that SMS is a novel signal comes from the observation that rms1 and rms5 mutant plants are not auxin deficient nor do they contain excess cytokinin (Beveridge et al., 1997; Morris et al., 2001) , and from molecular evidence indicating involvement of carotenoids (Sorefan et al., 2003) .
The finding that RMS1, one of the genes responsible for the production of this inhibitory signal of bud outgrowth, was homologous with MAX4 and DAD1 (Sorefan et al., 2003; Snowden et al., 2005) indicated that the pathways of bud inhibition are conserved across species at this level. Conservation of the branching control network between monocots and dicots has been revealed by the discovery that D3/OsMAX2 (Ishikawa et al., 2005) and HTD1/OsMAX3 (Zou et al., 2005) control tillering in rice. The MAX4, RMS1, and DAD1 genes encode for a member of the carotenoid cleavage dioxygenase (CCD) family of proteins, CCD8 (Sorefan et al., 2003) . CCD enzymes oxidatively cleave carotenoids at specific positions and some are required for abscisic acid biosynthesis and drought response (Tan et al., 2003) . MAX3 is a candidate for an ortholog of RMS5 because, like RMS1 and RMS5, MAX3 and MAX4 require coexpression in tissues to confer grafttransmissible suppression of branching (Morris et al., 2001; Booker et al., 2005) . Consistent with a related function to MAX4, MAX3 encodes a divergent member of the CCD family, CCD7, and can cleave multiple carotenoid substrates (Booker et al., 2004) . If SMS is carotenoid derived, the most likely candidates for precursors are zeaxanthin and b-carotene because mutant plants defective in a-carotene or epoxycarotenoid biosynthesis do not show a branching phenotype (Schwartz et al., 2004) . In vitro coexpression of CCD7 and CCD8 with b-carotene gives rise to 10#-apob-carotenol (C27) and b-ionone (C13) plus a C18 product that has been identified as 13-apo-b-carotenone (Schwartz et al., 2004) . Presently, this is the most likely chain of events leading to the synthesis of SMS, although it has recently been shown that CCD8 is also able to act directly on carotenoid substrates (Auldridge et al., 2006) . Two-shoot grafts showed that SMS can only move acropetally in shoots (Foo et al., 2001 ). Similar results have been obtained in grafting studies with Arabidopsis mutants max4 and max3, also indicating acropetal action of the substance in this species (Turnbull et al., 2002; Booker et al., 2005) . The RMS pathway may regulate cytokinins because rms1, rms3, rms4, and rms5 mutants have significantly reduced export of cytokinins identified from xylem sap (Beveridge, 2000) . Studies in pea and Arabidopsis suggest that SMS acts as an inhibitor of branching (Foo et al., 2001; Turnbull et al., 2002) , rather than the branching genes inactivating a branching stimulus, which is the argument put forward in petunia based on the effects of adventitious roots (Snowden et al., 2005) .
Whereas application of indole-3-acetic acid (IAA) can partially compensate for shoot tip removal and suppress branching in wild-type pea, this is not the case for rms mutants (Beveridge et al., 1994; Cline, 1994) and axillary buds from isolated max mutant stem segments also have reduced auxin response (Sorefan et al., 2003) . Consequently, the role of auxin in shoot branching in these mutants may be mediated with high specificity to the SMS system. In pea, RMS1 is highly expressed in roots of vegetative plants and, in stem tissue, is up-regulated in response to IAA and strongly down-regulated after decapitation or treatment with auxin transport inhibitors. RMS1 transcript levels are greatly elevated in the epicotyl of rms3, rms4, and rms5 plants when compared to wild type, indicating feedback regulation. This feedback appears to be auxin independent, yet involves a shoot-torootstock signal (Foo et al., 2005; Beveridge, 2006) . Mutant rms4 scions cause up-regulation of RMS1 in wild-type rootstocks and, conversely, rms4 rootstocks show weakened up-regulation of RMS1 transcript levels when grafted to wild-type scions. Such expression studies show that RMS1 transcription is also regulated by RMS4 action in the rootstock (Foo et al., 2005) . The feedback process is directly or indirectly influenced by RMS2 because rms2 mutant plants have lower RMS1 expression than wild-type plants (Foo et al., 2005 ; for review, see Beveridge, 2006) . RMS1 expression is therefore controlled by a long-distance signaling network involving IAA and an IAA-independent feedback signal that is modulated by the outcome of the interaction between SMS and RMS4 gene action. In Arabidopsis, recent work to examine the hormonally controlled regulation of MAX4 has shown that feedback regulation of the branching inhibitor occurs, but at a very low level in comparison to pea (Bainbridge et al., 2005) .
Perception of SMS may be controlled by RMS3 and RMS4 in pea and MAX2 in Arabidopsis because grafting studies show that these genes act mostly in the shoot to inhibit branching (Booker et al., 2005) . Consistent with this, MAX2 is postulated to work via the action of targeted protein degradation because it is an F-box protein (Woo et al., 2001; Stirnberg et al., 2002) . The F-box is a degenerate motif of 40 amino acids in the N-terminal region of the protein, which predominantly binds to SKP1 as a part of the Skip Cullin F-box (SCF) E3 ligase complex (Kuroda et al., 2002) . It is the C-terminal region of the F-box protein that recruits target proteins to provide substrate specificity to the SCF E3. Deveto et al., 2003) , and gibberellins (SLEEPY1; Dill et al., 2004) . Transport inhibitor response 1 (TIR1) is involved in the regulation of auxin pathways via targeted degradation of multiple AUX/IAA transcriptional repressor proteins and also acts as an auxin receptor, thus increasing affinity for target proteins (Dharmasiri et al., 2005; Kepinski and Leyser, 2005) . Among its known functions, SCF participates in meristem activation in the context of mitotic cycling by playing an essential role in the controlled degradation of various cell cycle proteins (Vodermaier, 2004) .
We confirm here that RMS4 and RMS5 are orthologous to MAX2 and MAX3, respectively. We provide evidence that RMS1 and RMS5 are coregulated by a long-distance signal and that RMS4 (PsMAX2), which may play a role in the response to SMS, is also involved in the regulation of RMS1 and RMS5 in the shoot and rootstock.
RESULTS
The Pea RMS4 Branching Gene Is Orthologous to the Arabidopsis MAX2 Gene Degenerate primers were designed for PsMAX2 amplification based on the Arabidopsis MAX2 sequence and three partial expressed sequence tags (ESTs) from Medicago truncatula found in the database, which showed strong homology at the amino acid level:
bf633414 from a drought response cDNA library (71% identical), bg448180 (70% identical), and bf648046 (62% identical) from an elicited cell culture cDNA library. PCR products showing homology with MAX2 were isolated in pea and completion of the full-length sequence was obtained by PCR walking and 5#-and 3#-RACE techniques. The coding region is 2,127 bp and, like MAX2, contains no introns. The PsMAX2 sequence hypothetically codes for a protein sequence of 708 amino acids that has highest sequence identity with MAX2 (59%) and rice OsMAX2 (45%).
In silico analyses show that the PsMAX2 and MAX2/ORE9 proteins contain an N-terminal F-box motif with homology to the consensus motif (Patton et al., 1998) . The presence of 18 Leu-rich repeats (LRRs) containing Leus, or other aliphatic residues (Fig. 1) , places PsMAX2 in the LRR family of F-box proteins.
We developed a cleaved amplified polymorphic sequence marker corresponding to PsMAX2 to map it in the JI281 3 JI399 recombinant inbred line population (Ellis et al., 1992) . PsMAX2 was found to locate to linkage group VII close to the markers Tps 1/153 and G11/21 that are in the same region as RMS4 (Rameau et al., 1998) . Sequencing of PsMAX2 in the six rms4 mutant alleles generated by ethyl methanesulfonate mutagenesis compared with wild type showed point mutations leading to amino acid substitutions or early stop codons, confirming PsMAX2 is RMS4 (Fig. 1) . Two rms4 lines, rms4-4 (M2/716) and rms4-5 (XV/23), could not be amplified using primers designed across Figure 1 . Predicted amino acid sequence of the PsMAX2/RMS4 protein and alignment with Arabidopsis and rice MAX2 predicted protein sequences. The F-box is shown with one of the degenerate F-box consensus sequences above (Patton et al., 1998) . The LRRs conserved between the three proteins are underlined and highlighted in gray. Numbers corresponding to the different mutant alleles denote relative positions of mutations with a list of the different mutant alleles for rms4 indicating the change to the nucleotide and the resulting amino acid.
the length of the gene. These mutants were generated by g-radiation and fast neutrons, respectively, and are therefore likely to be deletion mutants.
We created a phylogenetic tree to compare MAX2 sequences with other F-box proteins to support our case for RMS4/MAX2 orthology. A branch of the tree with uniform support clusters the RMS4 and MAX2 protein sequences (Fig. 2 ) when compared with other F-box proteins known to be associated with regulation of plant hormonal pathways and a Medicago cyclin-like F-box sequence, which all have between 18% to 25% sequence identity at the amino acid level to PsMAX2.
The Pea RMS5 Branching Gene Is Orthologous to the Arabidopsis MAX3 Gene Using the Arabidopsis MAX3 and rice sequences and a partial sequence from M. truncatula (phosphatestarved) root EST library (AW126158), degenerate primers were designed to make a probe for use in screening a bacterial artificial chromosome (BAC) library constructed from the pea germplasm line (PI 26918; Coyne et al., 2000) . Screening yielded a positive clone and 5 kb of the BAC were sequenced, including approximately 700 bp upstream and 500 bp downstream of the hypothetical start and stop codons. The genomic DNA from start to stop codon is 3,880 bp and contains six introns (Fig. 3) . Exon-intron boundaries are conserved between the CCD7 orthologs examined apart from two differences in gene structure: rice contains an extra intron in the first exon when compared with Arabidopsis and pea, and both Arabidopsis and rice lack the fifth intron found in pea in the Arabidopsis fifth exon. The length of the coding region and the exon-intron boundaries were determined by the sequencing of cDNAs in two varieties of pea, Porta and Paloma. The RMS5 cDNA sequences in these varieties shared 100% identity at the nucleotide and amino acid level and differed from PI 26918 by several nucleotides, which translated into differences at the amino acid level. The deduced protein of 620 amino acids showed highest homology with MAX3 (59% identical) and OsMAX3 (56% identical), and all three proteins form a well-supported clade, such as the one shown in the phylogenetic tree of the CCD gene family with MAX3 and OsMAX3 (Snowden et al., 2005 ; data not shown). Lignostilbene-a,b-dioxygenase (LSD) enzymes from cyanobacteria are the next closest relatives (28% to Nostoc sp. PCC7120/BAB7593). AtCCD7/MAX3 is targeted to the stroma of the chloroplast (Booker et al., 2004) ; PsMAX3 also bears an N-terminal peptide sequence that is predicted for plastid targeting with a probability of 90.2% (http://www.inra.fr/predotar).
PsMAX3 was sequenced in three rms5 mutant lines of pea (rms5-1, rms5-2, and rms5-3) and compared to the corresponding wild-type lines. The mutant rms5-2 (Wt10852) has a G-to-A base change at nucleotide 510, generating an early stop codon at amino acid 170. The mutants rms5-1 (Wt15244) and rms5-3 (Wt15241), obtained independently from two different genetic backgrounds (Porta and Paloma, respectively), have a T-to-G nucleotide substitution at nucleotide 1,779, leading to an amino acid change of Tyr (593Y) to Asp (D). This residue is particularly conserved between the CCD7 and LSD enzymes (Fig. 3) . The similarities in functionality as evidenced by mutant grafting experiments, taken together with the base changes found in the three rms5 alleles, provide strong evidence that PsMAX3 is RMS5.
RMS4 Is Constitutively Expressed
Expression studies were carried out using real-time PCR to examine the expression profile of RMS4 in wild-type (cv Torsdag) plant tissues when the plants were 15 d old (five leaves expanded). RMS4 was expressed in all tissues, with the highest expression in the stipule (Fig. 4) . RMS4 expression was also examined by real-time PCR in basal (epicotyl) and apical (apex) parts of the plant during development in response to IAA and decapitation and in the epicotyls and stipules of the rms1, rms2, rms3, and rms5 mutants (data not shown). The RMS4 transcript was expressed ubiquitously under all of these conditions. 
RMS5 Gene Expression
RMS5 transcript levels were analyzed in various tissues of young wild-type plants (Fig. 5A) . In this experiment, expression of RMS5 was detected in roots and stems: highest in roots, 3-to 6-fold less in the epicotyl, internodes, and apex. To examine the location of RMS1 and RMS5 gene expression within the stem, we dissected vascular tissue from the remainder of the stem using fine dissecting needles under a dissecting microscope (Fig. 5B) . RMS5 was more highly expressed than RMS1 and both transcripts were more highly abundant in the vasculature than in the remainder of the stem. In all analyses performed in the wild type to date, RMS5 expression has been higher than RMS1.
RMS5 Expression Responds to Variations in Auxin Levels
Decapitation, IAA, and the auxin transport inhibitor, 1-N-naphthylphthalamic acid (NPA), were used to test the response of RMS5 and RMS1 expression to treatments that modify IAA content (Fig. 6) . In this experiment, RMS5 expression was found to be nearly 6 times higher than RMS1 expression in node 5 of intact plants (data not shown). Twenty-four hours after auxin was applied in a ring around the stem of intact plants, expression of RMS1 and RMS5 was enhanced up to 10-fold below the site of treatment. After decapitation, expression decreased more than 100-fold for RMS1 and 4-fold for RMS5 over the 24-h period. Application of IAA to the stump of decapitated plants restored RMS1 and RMS5 transcript levels to that of intact plants. NPA, which reportedly inhibits polar auxin transport (Rubery, 1990) , was applied as a ring just below the shoot tip as a less destructive means than decapitation of blocking apical auxin supply to tissues below (Morris et al., 2005) . Twenty-four hours after NPA application, both RMS5 and RMS1 transcript levels had decreased to a magnitude similar to Figure 3 . Alignment of the predicted amino acid sequence of PsCCD7 cv PI 26918 (DQ403160) compared with Arabidopsis MAX3 (NP_182026), rice HTD1 (AL663000.4), Nostoc sp. PCC7120/BAB75983, Synechocystis sp. SynACO (2BIX_B), pea CCD1 (BAC10549), and pea CCD8/RMS1 (AAS66907). Intron positions corresponding to the genomic DNA sequence are denoted by triangles and positions of rms5 mutations by a shaded residue and asterisk (*). Conserved His (H) residues implicated in binding of Fe 21 in the active site are highlighted in green; residues highlighted in gray are implicated in the active site of the structurally characterized Synechocystis sp. apocarotenoid-15,15#-oxygenase (Kloer et al., 2005) .
that for decapitation. Furthermore, when IAA was applied as a ring just below the ring of NPA, intact levels of RMS5 and RMS1 transcripts were restored. The response of RMS5 to auxin application and depletion is proportional, whereas RMS1 expression has a larger decrease in expression when auxin flow is reduced than the increase after IAA application. These results provide evidence that RMS1 and RMS5 expression is under the control of IAA, although the magnitude of the responses appears to differ.
RMS5 Expression Is Feedback Regulated
RMS1 transcript levels are known to be feedback up-regulated in many rms mutants (Foo et al., 2005) . To determine whether this feedback may also regulate RMS5, we investigated RMS5 expression in epicotyls of wild-type, rms1, rms2, and rms1 rms2 double-mutant plants. The rms2 mutant was included in this experiment because it lacks feedback regulation of RMS1. Small, but significant, differences in RMS5 expression were observed in the epicotyl of these lines (Fig. 7) . RMS5 expression in rms1 is significantly higher than in wild type (t test; P , 0.01), and RMS5 expression is significantly lower in rms2 and rms1 rms2 than in rms1 (t test; P , 0.001 for both). RMS5 expression is also upregulated in rms4 mutant plants, although to a lesser extent than RMS1 (Fig. 8A) .
We used grafts to study the effect of rms4 scions and rootstocks on the expression of RMS5 because a similar experiment has previously shown that RMS1 transcript levels in rootstocks are affected by a grafttransmissible signal from scions (Foo et al., 2005) . In these experiments, the epicotyl of the rootstock just below the graft union was harvested. The expression of RMS5 is highly elevated in the rootstock epicotyl of rms4/rms4 grafts compared to a wild-type/wild-type graft (Fig. 8A) . When comparing a nonbranching graft combination (wild type/wild type) with a branching graft combination (rms4/wild type), expression of RMS5 was enhanced up to 25-fold in rootstock epicotyls as observed for RMS1 expression. This shows that RMS5 in rootstocks is responsive to feedback regulation by a shoot-derived signal. Comparing RMS5 expression in rootstock epicotyls of grafts between rms4 shoots and different rootstocks, it is clear that the wild-type rootstock can decrease RMS5 expression about 5-fold, as it does for RMS1. In contrast, where the scion is wild type, the genotype of the rootstock does not affect RMS5 expression levels, whereas it does for RMS1 (Fig. 8A) . 
RMS4 Acts in Shoot and Rootstock to Regulate SMS Biosynthesis
Although it is onerous to produce transgenic pea plants, grafts between different genotypes of pea are easily performed. We used grafts between rms4 and wild-type plants to observe whether the feedback upregulation of RMS genes might cause reduced branching. In particular, we tested whether mutant rms4 rootstocks may be more effective than wild type at inhibiting shoot branching. Grafts of wild type/rms4 and wild type/wild type on a dwarf background were grown under natural short-day conditions to enhance branching in wild type, mostly at the basal nodes. To measure whether the buds were more or less inhibited in their outgrowth, branches in the different grafts were measured, showing that branching in the wildtype self grafts was greater than in the wild-type scions grafted to rms4 rootstocks. Total lateral length was reduced in wild-type scions grafted to rms4 rootstocks, as was the number of branches greater than 2 mm in length (Fig. 8, B and C) . This demonstrates that rms4 rootstocks are indeed inhibitory to branching in wildtype shoots, supporting the hypothesis that feedback regulation occurring in rms4 rootstocks has physiological consequences for shoot branching.
DISCUSSION Genes Involved in SMS Biosynthesis and Response Are Conserved across Species
In this article, we report that one of the enzymes already shown in physiological studies to be responsible for production of SMS, RMS5, is the pea ortholog of MAX3 and RMS4, putatively involved in SMS signal transduction, PsMAX2. rms mutants represent the largest collection of nonpleiotropic increased branching mutants available in one species, with mutagenesis for increased branching in pea being at or near saturation . Five loci have been identified in pea where mutations cause increased branching at basal and aerial nodes. Part of the same network of genes regulating branching is found in other species, including Arabidopsis, petunia, and rice (Table I) . Mutants have been identified at two OsMAX loci in rice and other OsMAX homologs exist in the database (Booker et al., 2005; Ishikawa et al., 2005; Snowden et al., 2005; Zou et al., 2005) . We thus demonstrate remarkable conservation of branching control between Arabidopsis, pea, and rice. This discovery will further the quest for finding the identity of SMS and presents an ideal situation to explore interspecies similarities and variations in the control of shoot branching.
Differences have been reported recently in the transcriptional control of RMS1, MAX4, and DAD1 between pea, Arabidopsis, and petunia (Sorefan et al., 2003; Bainbridge et al., 2005; Foo et al., 2005; Snowden et al., 2005) . RMS1 expression in pea is highly regulated by auxin and by a feedback signal. Evidence for this regulation has been reported for Arabidopsis based on MAX4-b-glucuronidase reporter studies, although the differences observed were considerably reduced compared with pea. We continue by observing the influence of these signals on the gene expression of another member of the SMS synthesis pathway, RMS5, with the aim of analyzing these results in the context of RMS1 to better understand the point of regulation of SMS.
We have identified RMS5 as orthologous to CCD7/ MAX3, a member of the same family as CCD8/RMS1/ MAX4. In a phylogenic tree, RMS5 and MAX3 have highest homology to cyanobacterial LSD (data not shown; Snowden et al., 2005) , which specifically cleaves interphenyl double bonds of stilbenes leading to lignin degradation and are known to function as homo-and heterodimers (Kamoda and Saburi, 1993) . It is not yet known whether CCD7 and CCD8 act as either homo-or heterodimers; however, biochemical activity has been shown when expressed individually in bacteria (Schwartz et al., 2004) . Two of the rms5 mutants, generated in independent mutagenesis events, are mutated at the same Tyr residue, which is conserved between the CCD7 and LSD enzymes. Due to the high identity between these two proteins and mutation leading to replicate loss of function, this Tyr residue may have an important function in both enzymes (Fig. 3) .
RMS4 encodes the pea ortholog of MAX2/ORE9 (Fig. 2) , a member of the LRR group of the F-box protein family (Woo et al., 2001; Stirnberg et al., 2002) . Proof of association with the SCF complex has been carried out for the ORE9 (identical to MAX2) protein by yeast (Saccharomyces cerevisiae) two-hybridization studies demonstrating the interaction with ASK1 (Woo et al., 2001) . By association, we assume the same functionality for the RMS4 protein. The LRR and associated region has been shown to facilitate protein-protein interactions with target proteins and may require phosphorylation or other forms of modification before protein interaction, such as hormone binding Leyser, 2002, 2005; Dharmasiri et al., 2005) . rms4 mutants appear to have few pleiotropic phenotypes, except for a slightly rounded leaflet phenotype and reduced stem length (Beveridge et al., 1996) . This is in contrast to max2, which has multiple phenotypic traits associated with the mutations, including rounded leaves, fasciated stems, and elongated hypocotyls (Stirnberg et al., 2002) . Furthermore, max2 is allelic with ore9, which shows delayed senescence (Woo et al., 2001) . So far, no obvious delayed senescence trait has been observed in rms4 mutants (data not shown).
RMS4 Is Expressed in All Plant Tissues and Is More Highly Abundant in Stipules
Expression of RMS4 was detected in all tissues tested, the highest expression being in stipules (Fig.  4A) . Stipules in pea are well-developed appendages at the leaf base and are outgrowths of the leaf primordium (Fig. 4B) . Early in development, stipules in Arabidopsis are very strong sources of free auxin, possibly functioning to retard young leaf development and shoot tip growth (Aloni et al., 2003) . Dormant buds in pea have very minimal, if any, connection to the main vasculature (Tepper, 1993) , and it is only after growth to a certain size combined with auxin production by its own young leaves that the elongating bud starts to form connections to the primary vascular bundles in the stem (Gould et al., 1987) . The higher expression of RMS4 in stipules, which lie in close proximity to axillary buds, could translate to a role for RMS4 in response to SMS, enabling local suppression of axillary bud outgrowth. OsMAX2 gene expression shows evidence of multiple forms of the transcript, with leaves expressing a long transcript and other organs expressing a shorter transcript (Ishikawa et al., 2005) . In our analysis, real-time PCR primers are designed to the 3# end of the sequence and we found evidence for the presence of this full-length sequence in all tissues tested.
Based on grafting studies demonstrating that the major effect of RMS4 is in the shoot, RMS4 is the postulated receptor of SMS in the shoot (Beveridge et al., 1996; Beveridge, 2000 Beveridge, , 2006 . However, widespread expression of RMS4 and the effect of rms4 rootstocks on RMS1 and RMS5 transcript levels and shoot branching ( Figs. 4A and 8 ; Beveridge et al., 1996) show that it may act in all tissues and be involved in monitoring SMS levels for feedback regulation.
Transcriptional Analyses Show Coregulation of RMS1 and RMS5
Because activity of RMS1/MAX4 and RMS5/MAX3 is required in the same location, such as stem or roots, to produce SMS and branching inhibition, it is proposed that they act in the same pathway (Morris et al., 2001; Booker et al., 2005) . RMS5 expression studies were carried out with the aim of comparing with RMS1, whose transcript levels are highly responsive to branching regulators (Foo et al., 2005) . The higher than wild-type level of RMS5 transcript in rms1 and rms4 mutant stem and epicotyl tissues indicates that RMS5 may be under the same feedback regulation as RMS1 (Figs. 7 and 8A ; Foo et al., 2005) . The fact that RMS5 expression is lower in rms2 and rms1 rms2 than in rms1 and wild-type plants suggests that this process is affected in rms2 plants. Relative to RMS1, RMS5 is a more highly abundant transcript (Fig. 5B) that shows a lesser magnitude of fluctuations in transcript level (Figs. 5 and 6; Foo et al., 2005) . In contrast, in Arabidopsis, MAX3 expression is similar to MAX4 expression in all tissues, except in the roots, where its expression is reported to be much lower (Auldridge et al., 2006) . Similar to previous RMS1 expression data, RMS5 has the characteristic acropetal expression profile, greatest in the roots, but relatively strong along the stem (Fig. 5) . This is consistent with rms5 mutant grafting studies that show RMS5 acts in the shoot and rootstock (Morris et al., 2001) .
RMS1 and RMS5 are highly expressed in the vasculature of stem tissue (Fig. 5B) . This is in keeping with predictions that SMS moves via the xylem (Foo et al., 2001) and that auxin acts indirectly in branch inhibition. One suggestion is that the specific role of auxin may be to regulate the loading or unloading of xylemborne secondary messengers required for inhibition of bud outgrowth . A more recent hypothesis is that SMS is a regulator of auxin transport in the stem: Arabidopsis max mutants have increased accumulation of PIN1 efflux carriers in the xylem parenchyma leading to increased auxin transport (Bennett et al., 2006) . The polarity of auxin efflux carriers in the stem and axillary buds requires further investigation because this polarity may affect critical signaling between the bud and the main stem.
If transcript abundance is reflective of downstream regulation of the SMS signal, it appears that the RMS1 enzyme is more highly regulated than the RMS5 enzyme and may possibly control a rate-limiting step in the SMS biosynthesis pathway. Evidence at the transcriptional level for allosteric control is obtained where earlier steps in the pathway are inhibited by the ultimate product of the pathway (Slocum, 2005) . In this case, low levels of RMS1 in wild-type plants may be due to feedback inhibition, whereas RMS5 may retain a higher or standby level of transcription (Figs. 5 and  6 ). This type of pathway control can be almost instantaneous and may indeed be the case here because the transcriptional response of RMS1 to auxin depletion after decapitation or NPA treatment indicates that the RMS1 transcript may have a very short half-life (Foo et al., 2005) . Furthermore, the level of response of RMS1 and RMS5 to IAA application and/or depletion differs with RMS1 showing a greater response to IAA depletion than RMS5 (Fig. 6) . It is likely that the rapid turnover of the RMS1 transcript may enable this relatively quick response to auxin depletion while allowing a comparatively greater accumulation of RMS5 transcript levels in the presence of normal auxin levels.
What Is the Link between Depletion of IAA, Transcription of RMS1 and RMS5, and Bud Outgrowth?
Depletion of IAA in the stem by application of auxin transport inhibitors causes a decrease in RMS1 and RMS5 expression in a similar time frame (Fig. 6) to that observed for auxin depletion after decapitation, but does not always cause bud outgrowth even at upper nodes (Morris et al., 2005) . This could indicate that, in an intact plant, SMS depletion may not always be sufficient to cause outgrowth of buds at a particular stage of bud development or under particular conditions and that other stimuli or events, such as Table I . Homologous branching genes isolated in different species and putative function References for the characterization of these genes: MAX4 (At4g32810) and RMS1 (AY557341.1; Sorefan et al., 2003) ; DAD1 (AY743219), DAD2, DAD3 (Napoli, 1996; Snowden et al., 2005) ; MAX3 (At2g44990; Booker et al., 2004) ; RMS5 (DQ403160; Morris et al., 2001 ); HTD1 (AL663000.4; Zou et al., 2005) ; MAX1 (NP_565617; Booker et al., 2005; Lazar and Goodman, 2006) ; MAX2/ORE9 (AC007087; Woo et al., 2001; Stirnberg et al., 2002) ; RMS4 (DQ403159; Beveridge et al., 1996) ; D3 (AP006533; Ishikawa et al., 2005) ; DAD1 (AY743219; Snowden et al., 2005) ; RMS2 (Beveridge et al., 1994; Foo et al., 2005) ; RMS3 (Beveridge, 2000) ; MAX1 rice homolog (http://drnelson.utmem.edu/rice.html) full-length sequences: NP_917096, NP_917099, NP_917100, BAD17629; MAX4 rice homologs AP003296, AP003376. decapitation, need to occur to enable buds to be responsive to a reduction in SMS level. Because bud outgrowth and inhibition is a dynamic process that is believed to cycle between various stages from dormancy to activity, we propose that a specific bud stage is vital for sensitivity to changes in SMS via auxin in pea (Shimizu-Sato and Mori, 2001; Beveridge, 2006) . For example, SMS may function mostly on axillary buds forming at nodes above the highest expanded leaf, nodes that are not tested by our decapitation and auxin transport experiments. We draw attention to these findings to fuel future experiments to understand where and when SMS acts on bud inhibition and outgrowth. We have produced a higher than wild-type level of RMS1 expression in the rootstock by grafting an rms4 rootstock to a wild-type shoot and have linked this result with reduced shoot branching and, presumably, a higher level of SMS (Fig. 8) . Up-regulation of RMS1 expression in the epicotyls of rms4 rootstocks grafted to wild-type scions showed that RMS4 is required in the rootstock to regulate RMS1 expression. RMS1 is up-regulated in the rootstock epicotyl tissue of rms4 rootstocks grafted to wild-type scions compared to the same tissue of wild-type self grafts ( Fig. 8A ; Foo et al., 2005) , whereas RMS5 expression is unaffected (Fig.  8A) . Besides RMS5 transcripts being consistently more abundant, this is the only experiment that has revealed a difference in gene expression regulation between RMS1 and RMS5. It is possible that specific upregulation of RMS1 transcripts in rootstocks might affect levels of SMS and cause the inhibition of branching observed (Fig. 8, B and C) . Again, this is suggestive of RMS1 controlling a rate-limiting step in the SMS biosynthesis pathway. This may also be the case in Arabidopsis because the two genotypes resulting from a cross between max3 and max4 heterozygous for MAX4 (max3/MAX3 max4/MAX4 and MAX3/MAX3 max4/MAX4) have a slightly higher inflorescence number compared to wild type. This quantitative dosage effect of MAX4 on inflorescence number suggests that MAX4 may control the rate-limiting step in the synthesis of SMS (Auldridge et al., 2006) . However, it has been reported that overexpression using 35S-driven constructs of MAX3 and MAX4 show no novel phenotypes, suggesting that if MAX4 does control the rate-limiting step, it is unlikely to be at the level of transcription in Arabidopsis (Sorefan et al., 2003; Booker et al., 2004; Bainbridge et al., 2005) . Similarly, 35S-driven overexpression of DAD1 in dad1 mutants led to plants that could not be discriminated from wild type (Snowden et al., 2005) . Either the SMS pathway is regulated differently in different species or posttranscriptional regulation may be more important in SMS biosynthesis. It is also possible that simultaneous upregulation of as yet unidentified genes or changes in protein stability, translation, or interactions with novel effectors not monitored in our study in pea or modified in transgenic experiments is required for enhanced SMS synthesis.
We did, however, use dwarf basal branching rms and wild-type lines under short-day conditions so our phenotypic study was carefully poised to enhance any possible chance of observing branching suppression in wild-type pea, and it is possible that such inhibition may not have been as easily observed in the other systems. Previous results show that mutant rms4 rootstocks on other genetic backgrounds are more effective than wild type at inhibiting branching in other mutant scions, such as rms1, rms2, and rms5 (Beveridge et al., 1996 (Beveridge et al., , 1997 Morris et al., 2001) . This demonstrates that RMS4 may act locally and distally to regulate RMS1 and RMS5. Because this regulation can occur directly in roots, it supports evidence that auxin-independent feedback activation of RMS1 and RMS5 does not require growing axillary shoots (Foo et al., 2005) .
CONCLUSION
This study demonstrates that IAA regulation and long-distance feedback regulation of RMS genes extends to at least two members of the SMS synthesis pathway. To date, pea is the only species where a clear demonstration of this long-distance feedback regulation has been made. The transcriptional coregulation of RMS1 and RMS5 highlights the possibility that if a similar control network occurs in other species, it may involve regulation of different genes in the network or may act under conditions yet to be revealed. A precise understanding of the regulation of SMS biosynthesis in pea will be useful in future efforts to isolate and identify the nature of the SMS molecule.
MATERIALS AND METHODS

Plant Material and Growth Conditions
Plants described in Figure 4 were grown in a heated glasshouse (mean 15°C night/22°C day) under a 16-h photoperiod (the natural day length was extended or supplemented during the day, when necessary, with halogen lamps). Pots (5 L) contained one to three plants and were filled with peat and soil (1:1) and supplied regularly with nutrient solution. For Figures 5 to 8, two plants were sown per 2-L pot using potting mix supplemented weekly with Osmocote (producer) and Flowfeed EX7 (Grow Force). Plants were grown under a 12-h photoperiod (Fig. 8) and an 18-h photoperiod (Figs. 5-7) with the light during daylight hours supplemented by GRO-LUX lights (Fig. 8) and the natural day length extended by incandescent light (Figs. 5-7) . Plants for the auxin treatments were grown in 14-cm growth bags with potting mix, one plant per bag, and grown under an 18-h photoperiod (natural day length extended by incandescent light), 18°C 6 2°C night, 26°C 6 4°C day. The wildtype cultivar used is always Torsdag, unless otherwise stated, and a description of the rms genotypes used can be found in Arumingtyas et al. (1992) .
Epicotyl-to-Epicotyl Wedge Grafts
The grafting experiment was carried out on a cv Térèse background, using wild-type Térèse and rms4-3 (M3T-946) under short-day conditions. Grafts with 6-to 7-d-old plants were performed epicotyl to epicotyl (Beveridge et al., 1994) . Cotyledonary shoots were regularly removed because they tend to weaken the growth of the scion.
Isolation of PsMAX2 and Mapping
Two degenerate primers, m1523 (5#-GAGAATTTTTGACNCMIYTNCC-3#) and m2005 (5#-CAACTCTCATCTCTGTNSWCATRTC-3#) were designed in consensus regions between the Arabidopsis (Arabidopsis thaliana) MAX2 protein and the deduced amino sequences of Medicago truncatula ESTs. These primers were tested on pea (Pisum sativum) genomic DNA and the amplified products were separated, using electrophoresis and a fragment of 550 bp of the 5# region was identified. This was followed by two rounds of PCR walking, using the two specific primers M1626 (5#-GCTCAGACCAAATTCA-CTCACAGCC-3#) and M1579 (5#-TCTCCTTCCATCTTTATGCGAATCTC-3#) and the restriction enzyme EcoRI (Fermentas) and, in the second round of PCR walking, the primers M98 (5#-CCTGAATCTCAAACCTTACCAACCG-3#) and M55 (5#-TCTCAATCAACCCCATATCATCAAGG-3#) with the enzyme PvuII (Fermentas). A sequence of 1,547 bp was obtained. Several rounds of 5# RACE (RACE system; BRL) and 3# RACE were used followed by a last PCR walking in 5# to get a pea sequence of 2,907 bp with 642 bp before the ATG and 141 bp of the 3#-untranslated region end.
PsMAX2 was mapped in the recombinant inbred lines mapping population from the John Innes Centre (kindly provided by Noel Ellis). PsMAX2 was sequenced for the two parents, JI281 and JI399, and a marker was designed that distinguished a size difference of 31 bp in the PsMAX2 PCR product generated using genomic DNA for the two parents. The primers used were forward (5#-ACATACAGATTTCATTACCACCTTT-3#) and reverse (5#-AGT-GAGGATTTATTGAAGAGTAGAA-3#).
Southern hybridization analysis using a radiolabeled partial-length probe and a standard protocol was used to identify RMS4 copy number in pea (Sorefan et al., 2003) .
Sequencing of PsMAX2 in rms4 Mutant Lines
The PsMAX2 gene was amplified from genomic DNA in the rms4-1 to rms4-8 mutants and their corresponding parental lines to discover point mutations associated with the phenotype of rms4 mutants (Arumingtyas et al., 1992) . Sequence alignments and single-nucleotide protein detection were performed using Genalys software, developed at the Centre National de Géno-typage (http://software.cng.fr).
Isolation of PsMAX3
Degenerate primers were designed in consensus regions of the MAX3 protein in Arabidopsis, rice (Oryza sativa), and a truncated protein from M. truncatula. One set of primers, forward (5#-GATGCCNCCAAAGAGA-CTCTTGTC-3#) and reverse (5#-GTATCCGTGAAWCCCAATCATG-3#), amplified a 420-bp region of pea genomic DNA showing highest homology with the Arabidopsis MAX3 protein. This was used as a probe to screen a 13 pea BAC library (Coyne et al., 2000) , spotted in duplicate on nylon filters. Replicate clones were identified and, after PCR analysis, the BAC was found to contain the PsMAX3 sequence. The genomic open reading frame was sequenced by walking and 1.5 kb of the upstream 5# region. The cDNA PsMAX3 sequence was amplified from cDNA generated from epicotyls and the sequence products used to confirm exon-intron boundaries for PsMAX3 genomic sequence.
Sequencing of PsMAX3 in rms5 Mutant Lines
PsMAX3 cDNA was amplified from three rms5 mutants, Wt10852 (rms5-2), Wt15241 (rms5-3), and Wt15414 (rms5-1) and their corresponding parental lines, Paloma and Porta. They were sequenced and analyzed by the aforementioned software to identify point mutations.
Phylogenetic Analysis
ClustalX was used to align the sequences, excluding positions for gaps and correcting for multiple substitutions. Neighbor-joining trees were constructed from these alignments with ClustalX and consisted of 1,000 trials with bootstrap. Global alignments for sequence identity analysis in Figure 1B and in the text were calculated with the program Align, using the default analysis options.
RMS4 Expression Analysis
Pea plants were grown using an aeroponic culture system with 16-h light for 15 d and tissues were harvested at a stage of development of five expanded nodes and divided into different tissue types before isolation of RNA (bioreplicate 1, n 5 40; bioreplicate 2, n 5 8). Epicotyls were used as a reference for comparison to other tissue types. Pea plants were also grown in pots with 16-h light until they reached the five expanded nodes stage of development (nodes 1 and 2 include buds and internode 1; nodes 4 and 5 include only a small amount of stem at nodes 4 and 5 and the axillary buds). Total RNA was isolated from tissues using TRIzol reagent (Sigma) and followed by DNAse treatment using the Qiagen kit. Concentration and purity of total RNA was checked by spectrophotometer (Jasco V-530) and gel electrophoresis. Reverse transcription reactions were carried out in a 20-mL volume (containing 2-5 mg RNA, 5 mM poly(dT), 0.125 mM dNTPs, 10 mM dithiothreitol, 13 first-strand reverse transcriptase buffer, and 200 units revert Aid H-minus Maloney murine leukemia virus reverse transcriptase [Fermentas] ) and incubated at 42°C for 1 h. Primers were designed to RMS4 sequence using the LC probe design software for the Roche Lightcycler. Three sets were tested for efficiency before choosing forward (5#-GCATAGCAATGGTAACAGTAGCGG-3#), reverse (5#-CCGGTTTCGGTTGCCCT-3#), and the constitutive controls elongation factor (EF) 1a forward (5#-GATGCACCTGGACATCGTGAC-3#) and reverse (5#-CTTAGGGGTGGTAGCATCCATCT-3#). To calculate relative transcript levels, the comparative cycle method based on nonequal efficiencies was used (Pfaffl, 2001) . Transcript levels of RMS4 were evaluated against EF1a, which was found to be constitutively expressed in these tissues under these conditions. Numbers represent the relative differences in steady-state gene expression of RMS4 when compared against EF1a expression. PCR reactions were performed in triplicate as technical replicates. The results shown are the average of the two biological replicates, each taken as an average of the three technical replicates. Standard error bars were generated based on biological replicates.
